Aluminum Oxide (Al 2 O 3 ) is evaluated as a gate dielectric in conjunction with TiN metal in a PFET gate first process flow. We have fabricated high performance PFET stacks with effective work functions 220 mV from band edge without counter doping or additional implants. The most aggressive stacks scale below inversion thicknesses (T inv ) of 15Å with less than 10% mobility loss. At T inv = 14.3Å the gate leakage (J g ) is 9.8 A/cm 2 . Optimized stacks achieve the highest reported PFET drive currents without stress elements (867 µA/µm at an off current of 30 nA/µm, V dd = 1.3V). Alternatively, thickening the Al 2 O 3 layer creates a stack suitable for low power applications with a T inv = 19Å and a J g = 0.05 A/cm 2 .
Fig. 1 depicts the process flow. The gate stack consists of an
SiO 2 interface/Al 2 O 3 /TiN/poly-Si. Four different SiO 2 interface thicknesses (IL) were grown, with IL 4 being the thickest and IL 1 being the thinnest. The Al 2 O 3 was deposited by ALD or PVD with thicknesses varying from 5Å to 24Å. The PFETs were fabricated in a gate first self-aligned flow with a 985°C, 5 s source/drain RTA. HfO 2 /TiN/poly-Si and 20Å SiO 2 /poly-Si stacks were fabricated for comparison [7] . The PFETs were fabricated on (100) silicon without embedded silicon germanium source/drain, counter doping, or any non-traditional implants.
Long Channel Results
The C-V and I d -V g for two aggressively scaled stacks are shown in Figs. 2 and 3. The T inv are ~14.3Å and 15Å, while both V t are 220 mV from the poly-Si/SiO 2 control. There is negligible fixed charge in the Al 2 O 3 stacks, illustrated by the independence of V t with Al 2 O 3 thickness (Fig. 4) . The effective work function, ~4.98 eV, is near the theoretical work function of TiN [8] . This contrasts with the HfO 2 stack, which generates a V t of -700 mV. The lack of distributed bulk fixed charge in Al 2 O 3 may be attributable to the covalent bonding in Al 2 O 3 . This contrasts with the ionic nature of HfO 2 which may be the cause of the large oxygen vacancy concentration that plagues HfO 2 . The Al 2 O 3 dielectrics are superior to Al 2 O 3 capped HfO 2 dielectrics, which, at best, have effective work functions ~4.8eV for thin T inv . Figs. 6 and 7 compare peak and high field mobility as a function of IL and Al 2 O 3 thickness. The thinnest IL exhibit a mobility reduction,while the thicker IL have comparable (or higher) mobilities to the HfO 2 control stack. The Al 2 O 3 dielectric must be separated from the channel by some minimum distance to achieve high mobilities. The mobility loss is not due to interface states, since charge pumping measurements verify low trap densities (~6x10 10 /cm 2 ) for all stacks (Fig. 8 ). An IL dependent mobility was reported for poly-Si gated Al 2 O 3 and attributed to remote Coulomb scattering [9] . This data suggests that remote Coulomb scattering also limits mobility in Al 2 O 3 metal gated structures.
Because of the moderate dielectric constant, J g is an obvious concern for aggressively scaled Al 2 O 3 dielectrics. Nevertheless, four orders of magnitude leakage reduction is maintained down to T inv = 14.3Å with J g = 9.8 A/cm 2 ( Fig. 9) , which is suitable for high performance technologies. For low power technologies, J g reduces to 0.05 A/cm 2 at a T inv of 19Å. Performance Table I compares the drive currents achieved in this work with recent published literature.
Reliability
The poly-Si/TiN/HfO 2 stack suffers from comparable NBTI degradation as a poly-Si/SiON stack (T inv =20Å) [10] , while NBTI is quite poor for the Al 2 O 3 capped HfO 2 dielectrics [3] . Fig. 13 shows that the poly-Si/TiN/Al 2 O 3 stack (T inv = 15Å) has comparable NBTI as the control samples and therefore should meet NBTI reliability.
Conclusions
Poly-Si/TiN/Al 2 O 3 gate stack has been demonstrated to be a strong PFET candidate in a gate first integration for both high performance and low power applications. By optimizing the Al 2 O 3 and interface thicknesses, T inv has been scaled below 15Å with mobility and reliability equal to HfO 2 based stacks, while the effective work function has been improved to ~220 mV from PFET band edge. Aggressive T inv scaling combined with record I on demonstrate the viability of Al 2 O 3 as a gate dielectric for future CMOS applications. References: [1] D. A. Buchanan, et al. IEDM, pg. 223 (2000) .
[2] V. Narayanan et al., VLSI, pg. 178 (2006 
